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In trod uction
Molecular Basis of Cancer:
Cancer, a disease that has had a devastating and frightening
impact on current society in the midst of a chemical revolution,
represents a class of diseases comprising over 200 known types that
affect various regions of the mammalian body (Farmer & Walker,
1985). This disease strikes randomly and is often diagnosed after
the disease has progressed beyond present treatment capabilities.
Cancer is the result of irregularities in growth, reproduction, and
differentiation of cells due to pennanent flaws in genetic
information . Mutations caused by environmental factors can be
compounded over time to cause carcinomas of different tissues. This
disease is often age-related as one mutation alone in the genome IS
not likely to cause cancer. The source of the genetic information
containing all instruction for cell growth, reproduction, and
differentiation is found within every cell's complement of genes in a
macromolecule called deoxyribonucleic acid (DNA). To begin to
understand this complicated disease and to characterize its mode of
action, answers must be sought at the molecular level of DNA.
According to Prescott & Flexer (1982), cancers are abnormally
growing cells that form malignant tumors that can metastasize or
spread through the circulatory system. A system of proto-oncogenes
and tumor repressor genes in an animal's genome produce protein
products that act either as activators or inhibitors of the mitotic cell
cycle for regulation of the rate of cell division. When these specific
genes are mutated or altered during retroviral infection, or due to
other causes specified below, the equilibrium of the cell cycle is
disrupted and uncontrolled cell division can occur, producing tumors
that may be malignant and metastasize. Cancers cause death in four
major ways. In 25% of cases, the growing tumor interferes with the
function of essential organs such as the lungs, liver, brain, or kidneys.
In 10% of cases, patients die from severe emaciation, in seven
percent hemorrhaging occurs, and in 50% of cancer cases death
results from bacterial infection caused by a weakened IITUTIune
system of the host (Prescott & Flexer, 1982).
2

Modes of Cancer Formation:
One known mode of carcinogenicity IS through inheritance.
Germinal cells mutate and pass on the abnormality through
organismal generations instead of somatic cellular generations In the
tissues.
The other mode of induced carcinogenicity IS through
spontaneous, irreparable changes from environmental agents.
Many
of the known human cancers are caused by environmental factors
where several chemicals or chemical mixtures cause cancer in
humans as a result of occupational, medicinal, and societal exposure
(Farmer & Walker, 1985). In the last quarter of the nineteenth
century, development of skin cancers was documented in workers of
tar and shale oil industries, in cotton mill workers exposed to crude
lubricating oils used in spinning machines. Cases of bladder cancer in
workers in German aniline dye factories were attributed to exposure
to aromatic amines (Farmer & Walker, 1985). The first cancers were
identified by Percival Potts 10 chimney sweeps in the 19th century
(Farmer & Walker, 1985).
Non-ionizing (UV light) and ionizing radiation (X-rays) also
induce mutations and breaks in genetic material. One example is the
tautomerization of nucleotides when radiation changes keto forms of
guanine and thymine to enol forms and amino forms of adenine and
cytosine to imino forms causing mispairing of the bases and point
mutations upon replication (Griffiths et al., 1993).
Chemical Carcinogenesis:
Carcinogens are efficient inducers of permanent genetic
changes such as point mutations, deletions and chromosomal
aberrations that inhibit DNA replication and synthesis in vivo and
cause abnormalities in the functioning and growth of a cell.
If not electrophilic themselves, chemical carcinogens are
converted into forms that are highly electrophilic and bind
covalently to nucleophilic sites of cellular information
macromolecules such as DNA. RNA, or protein (Farmer & Walker,
1985). The most reactive nucleophilic sites in DNA tend to be purine
nitrogens, but oxygen and sulfur atoms can also act as binding sites
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on cellular macromolecules. For example, one known mutagen, 5
bromo-uracil, which is highly reactive can replace thymine (5
methyl-uracil) and tautornerize spontaneously.
Diepoxide
compounds, the focus of this study, cross-link DNA by covalently
binding N7 guanines across complementary strands (Lawley &
Brookes, 1967).
Faults in Mammalian Metabolism:
Animals tend to detoxify exogenous chemicals in the
endoplasmic reticulum of liver cells by metabolizing them to more
polar, water-soluble derivatives that can be readily excreted . There
are two main phases to mammalian metabolism. The first involves
introduction of hydroxyl or epoxide groups by oxidative metabolism
at nitrogen or carbon atoms and in the second phase metabolites
serve as substrates for conjugation mechanisms to be excreted
(Farmer & Walker, 1985). Introduction of 02 into compounds is
usually catalyzed by the family of NADPH-dependent cytochrome P
450 enzymes that exist in high concentrations in the liver (Farmer &
Walker, 1985).
However, occasionally, highly reactive intermediates are poor
substrates for the next enzyme or next phase in the detoxification
process and stay in cells long enough to potentially interact
covalently with informational macromolecules and to initiate
carcinogenesis. One particular example of this is the breakdown of
benzo[a]pyrene, a polycyclic aromatic hydrocarbon, that is produced
by internal combustion engines and found on char-broiled meat
(Farmer & Walker, 1985). Once oxidation by cytochrome P-450
initially produces epoxides, these can be converted to dihydrodiols
by epoxide hydrolases in the liver (Farmer & Walker, 1985)
according to the following:
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monooxygenase

•
I

OH

Benzo[a]pyrene

epox.ide hydrolase

"

OH
Reaction with

DNA .RNA protein
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Animals also have a built in excision-repair pathway whereby
uvrABC-encoded endonucleases excise damaged bases while DNA
polymerase and ligase activity fill and seal the gap. Occasionally,
diseases such as Fanconi anemia cause genetic defects in this
pathway so that diseased subjects are especially sensitive to cross
linking agents which are carcinogens that cause leukemias (Griffiths
et at., 1993) .
Chemotherapy:
Two ways that are known to counteract malignant growth are
localized radiation and chemotherapeutic agents that have a cytotoxic
specificity for abnormal cells. Molecular features of cancer cells that
are distinct from normal cel1s act as selective targets for a drug . For
example, B-Iactam antibiotics (penicillins) and sulphonamides use
molecular features like the cell wall of bacteria that are absent in
mammalian cells to express their selective toxicity and therefore
have pharmaceutical usefulness in fighting infections (Brock et al .,
1994). Presently, the main characteristic for target selectivity of
tumor cells by antitumor drugs is abnormal growth rate, which is not
the most advantageous target for selectivity since toxic side effects
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occur In rapidly growing cells of the bone marrow , bladder, hair
follicles, gastrointestinal tract, reproductive tissue, and the central
nervous system (Fanner & Walker, 1985) . For researchers
attempting to discover new and improved antitumor drugs, a major
consideration in improving the specificity of these agents is to find
new selective targets in order to reduce these side effects. A major
group of effective drugs, the first clinically useful antitumor agents,
are the nitrogen mustard family containing a bis(chloroethylamino)
functional group, the simplest of which is mechlorethamine (N
me thyl bis(2-chloroethyl) amine).
In many cases, as antitumor agents are continually
administered, the patient's body becomes resistant to these drugs.
This resistance is due to decreased transport of the drug into the
cells, increased DNA repair in abnormal cells, and increased thiol
concentrations in abnormal cells with which the agents tend to react
instead of the DNA (Farmer & Walker, 1985).
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Background
Cross-linking
Cross-linkers as Alkylating Agents:
Carcinogens that bind covalently to both strands of the double
helix, frustrating both its repair and replication in vivo, are the DNA
cross-linkers. These cross-linkers are bifunctional alkylating agents
that react with nucleophilic centers to form covalently bound
alkylated products according to a mechanism similar to nucleophilic
substitution reactions. Two alkylation reactions occur on nucleophilic
centers across complementary strands on the DNA helix. Actual
mechanisms of alkylating agents behave as intermediates between
the ideal mechanistic extremes of SN1 and SN2 nucleophilic
substitution reactions shown below where the nucleophile (DNA)
mayor may not be involved in the rate determining step of the
reaction. (Re alkyl group, Xeleaving group, Y-=nuc1eophile):

SN 1

RX
slow

SN2

RX +

v

•
slow

y
R+ +

•

x-

fast

•

RY

[X-R--Y]-

fast

•

X- + RY

The alkylating agents of the nitrogen mustard class form an
aziridium ion that reacts in an SN2 type mechanism with the
nucleophile (Fanner & Walker, 1985). Signs of alkylating agent
induced cytotoxicity include rapid depression of DNA synthesis, lack
of cell division, and formation of giant cells that have no means of
replicating genetic material to undergo mitosis.
Diepoxides are cancer-causing chemicals produced during
metabolic breakdown and detoxification of hydrocarbons in
mammalian tissue as discussed above and act as DNA cross-linking
agents through bifunctional alkylation of N7 position of guanine on
opposite strands of DNA. Cytochrome P-450 on the endoplasmic
reticulum of liver cells metabolites dienes such as butadiene used in
the production of synthetics to diepoxides (Farmer & Walker, 1985).
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The diepoxide can then act within the cell by covalently
binding to informational macromolecules .
Aside from diepoxides produced from the metabolism of
hydrocarbons used in industry, repandiol , a new cytotoxic diepoxide
metabolite, has been isolated from the edible mushroom, Hydum
repandum, showing that these alkylating agents also exist naturally
(Takahashi et aI., 1992). Repandiol is thought to be a bifunctional
alkylating agent like dianhydrogalactitol and WF-3405 which are
promising antitumor agents (Chiuten et aI., 1981 & Kiyoto et al.,
1987).

HOH2C~~>-_--===-_--===-__ 0

<LCH20H

Repandiol

Comparison of cross-linkers, diepoxybutane and mechlorethamine:
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Diepoxybutane (DEB), the simplest diepoxide, acts as a DNA
interstrand cross-linker in a mode similar to the anti-tumor family,
the nitrogen mustards (Millard & White, 1993). The simplest
nitrogen mustard mechlorethamine, a chemotherapeutic agent , and
the carcinogenic diepoxybutane bifunctionally alkylate the N7
position of guanine residues across opposite strands of DNA (Brookes
& Lawley, 1960; Lawley & Brookes, 1967) as shown below:
CH3

o

I
CI~N~CI

\ic-/~
o

Mechlorethamine

Diepoxybutane

H
N

N~---(

N

SUGAR
o

~

OH

f

)

l '\

N

rN~

N

N

OH

<,

N

/

SUGAR

SUGAR

The diepoxides four carbon chain is shorter than the nitrogen
mustard by one nitrogen. Mechlorethamine can only span a distance
of 7.sA (Brookes & Lawley, 1961) and the minimum 5'-CpG distance
is 7.7 A. while the minimum 5'-GNC distance in B-DNA is about 8.9;\.
Despite their different biological effects and different lengths, the
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above compounds seem to target the same genomic sites of DNA
(5 'GNC where N=guanine or cytosine) (Millard & White, 1993) as
illustrated below with p32 radio label at asterisk:

* 5'

----GGC
------3'
<,
---CCG-----
3'

5'

Therefore, there must be considerable conformational
flexibility in the DNA double helix for such cross-linkers to span
these longer distances. These results suggest that sequence
preference alone cannot explain the vastly differing biological modes
of action and selective toxicities of these two interstrand cross
linkers.
Mitomycin C's specificity for methylated cytosine:
Mitomycin C (MC), a toxic antibiotic, is a useful antitumor
agent that acts as a DNA interstrand cross-linker with a strong base
sequence specificity for the dinucleotide sequence 5'-CpO (Weidner
et al., 1989).

o
Mitomycin C
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The DNA interstrand cross-linking behavior of Me between
complementary strands is diagrammed below:

5'

CG

3'

3'--- GC---
I

5'

From work by (Millard & Beachy, 1993), the sequence CpG was
cross-linked by mytornycin C with a 1.21 % efficiency, and when the
cytosine was methylated in this sequence, the efficiency (1.88%)
showed an approximately 1.5 fold preference for methylated DNA.
They also found that mitomycin C is twice as likely to cross-link at a
methylated site given a choice of two sites within the same DNA
duplex fragment.
DNA methylase has an abnormally high activity in some tumor
cells (El-Deiry et al., 1991). Therefore, mitomycin C may exert its
chemotherapeutic effects by targeting abnormal methylation
patterns in DNA of malignant. transformed cells.

Monoalkylation of DNA:
The initial step in the molecular event of cross-linkage is
formation of the monoalkylated product. There are carcinogenic
alkylating agents that are known to have DNA sequence
monoalkylation preferences like MC (Li & Kohn, 1991) and others
that can exhibit a sequence-random behavior like diepoxybutane
(Millard & White, 1993). Still others like mechlorethamine are
intermediate between these two extremes where these compounds
reveal their primary preference in the conversion from monoadduct
to cross-link (Hopkins et al., 1991).
DNA Alkylation within intact cells:
Using repetitive human alpha DNA, Hartley et al. in 1992
showed that human DNA in intact cells was alkylated by nitrogen
mustards at the same sequence specific positions as in studies done
with isolated DNA in vitro except that the frequency of bifunctional
11

alkylation and damage to DNA was decreased. According to Hartley
et al., decreased reactivity with the DNA may have been due to
agents alkylating other cellular material and to limited diffusion of
the agents through the cellular membrane. This study showed that
the organelles and macromolecules of the nucleus and surrounding
cytoplasm did not have significant effects on the sequence-targeted
reac ti vi ty.
Our objectives:
In our lab we have analyzed the cross-linking efficiencies of
six diepoxides with respect to chain length, molecular flexibility, and
DNA sequences targeted by these longer-chain diepoxide metabolites.
We have also attempted to determine the molecular foundations for
these preferences in hopes of characterizing the mechanism of
epoxide-induced carcinogenicity. Gel electrophoresis in conjunction
with computer modeling has been used to perform this analysis.
Difunctional agents were examined instead of monofunctional agents
such as ethylene oxide since the former have a greater biological
effect as DNA cross-links are more difficult for the excision repair
pathway to fix than monoadduct formation. Expanding the study
done by Millard and White, we hoped to understand why certain
bifunctional alkylating agents act as antitumor agents for the
treatment of malignancies and others act as deadly toxins if sequence
preference is not a major factor.
We have also attempted to show that repandiol extract from
the edible mushroom, Hydnum repandum, as discussed above does
show cytotoxic activity via a DNA target.

Syntheses of Epoxides
Epoxides are three-membered ether ring compounds also
called oxiranes. The elevated chemical reactivity of epoxides comes
from the large degree of strain on the three-membered ring
(McMurry, 1992).
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Exposure of workers to toxic epoxide precursors and the
consequences of the metabolic breakdown of these reacti ve materials
is a major impetus for the present study as described in the
introduction. In the industrial setting, approximately 2.7 million tons
of ethylene oxide is produced in the manufacture of automobile
antifreeze, polyesters, and other polymers (McMurry, 1992)
according to the following reaction:

CH2==CH2

Ethylene

Many reagents for the oxidation of substrates require
preparation using a high-strength hydrogen peroxide and are often
highly acidic as well as being very unstable (Brougham et al., 1987) .
One such mechanism is the epoxidation of olefins by hydrogen
peroxide-acetonitrile system (Bach & Knight, 1981) according to the
following reaction sequence :

Reductant

+

(Alkene)

peroxycarboximidic acid

!
+

Oxidati ve Product
(Epoxide)

One of the oxygens on hydrogen peroxide acts as a nucleophile
attacking the positively charged carbon due to the dipole between
the carbon and nitrogen on the acetonitrile group. A hydrogen is
abstracted from the hydrogen peroxide by the negatively charged
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nitrogen producing a highly acidic peroxycarboximidic acid that
oxidizes the alkene to form the epoxide.
Peroxyacids, RC03H, are the major reagents used in
laboratories to produce epoxides from alkenes that produce a
carboxylic acid, RC02H, is formed as a byproduct:
0

It

0

,/"'/
c,
/c

R-COOH

/
/c=c,
..........

•
(peroxyacid)

0

+

(Carboxylic acid)

Epoxide

Alkene

II
R-COH

m-Chloroperoxybenzoic acid (MCPBA) is an effective reagent that has
been widely used for oxidation of functional groups in an organic
solvent system but is undesirable in terms of cost and safety.
MCPBA is shock sensitive, potentially explosive, capable of
deflagration in the condensed form, and commercial forms contain
rn-chlorobenzoic acid as a stabilizer (Brougham et al., 1987).
Another reagent, magnesium monoperoxyphthalate
hexahydrate (MMPP) has many advantages over MCPBA in that it IS
non-shock resistant, non-deflagrating, and is a crystalline solid that
is soluble in water and low molecular weight alcohols. Both reagents
are stable in that the loss of available oxygen content after sixteen
weeks at 28°C is on the order of 2.7% (Brougham et al., 1987).

"0" ~'OOH
o

.#

c'"

Mg 2 •

O'

11

o

2
MCPBA

MMPP

The scheme for oxygen transfers by peroxyacids IS a one-step
reaction without intermediates. .The oxygen furthest from the
carbonyl group on the peroxyacid IS transferred with no carbocation
14

intermediates, a common phenomenon in many ether syntheses. The
peroxyacid is reduced to an acid that must be removed to force the
equilibrium toward the highly reactive, strained three membered
ether ring, according to the following:

Alkene

Epoxide

Peroxyacid

Another known scheme for the
the epoxidation by base treatment of
The mechanism for this reaction is a
Williamson ether synthesis involving
on the alkene:
H

· R

H

1H

R

Alkene

C1 2

• Rt

H 2O

R

OH

-,
H
..~

Acid

synthesis of oxiranes involves
halohydrins (McMurry, 1992).
simple intramolecular
the following stereochemistry

NaOH

H 2O

•

+ H 20 + NaCI

a

Certain longer-chain diepoxides are commercially unavailable
because of their instability. Therefore, our lab "has attempted to
synthesize some of these compounds in order to determine the DNA
sequences targeted by these longer-chain epoxide metabolites and
the molecular foundations for these preferences .
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Materials

and

Methods

Cross -Linking

Materials for Cross-linking Efficiencies, Sequence and Monoalkylation
Preferences :
Refer to Figure I (p48) for the structures of bifunctional
alkylating agents, l,3-diepoxybu tane (DEB), l,4-diepoxypentane
(DEP), 1,5-diepoxyhexane(DEH), 1,7-diepoxyoctane (DEO),
1,7 -diepoxycyclooctane (DECO), and diepoxanthracene (DEA) used III
these studies for interstrand cross-linking. Refer to Table 1 (p47) for
the nucleotide sequences of the DNA duplex oligonucleotides also
used in these studies for cross-linking.
Methods for Cross-linking Efficiencies:
The methods used to determine monoalkylation and
bifunctional alkylation sequence preferences and cross-linking
efficiencies of cross-linking agents are similar to those used with
diepoxybutane (Millard & White, 1993) and several pyrrole based
mitomycin C analogues.
Preparation of Radiolabeled DNA Duplexes:
Oligonucleotides ordered from Operon Technologies, Inc. were
purified through denaturing polyacrylamide gel electrophoresis
(dPAGE; 20%, 25:1 acrylamidelbisacrylamide, 40% urea, 1.5 mm
thick, 17 x 15 ern) . Purified DNA duplexes isolated through UV
shadowing were incubated in TE buffer (10mM Tris CI, 1 mM EDTA,
pH 7.6) in a 37°C rotating oven overnight. The elutant was passed
through a Sep Pac CI8 cartridge [Waters; elution with (1) 10 mM
aqueous ammonium acetate (NH40Ac), (2) 25% (v/v)
acetonitrile/water] and lyophilized.
Purified oligonucleotides were
radio-isotopically labeled at the 3'-ends with [a 32 P ] d A T P / K l e n o w
fragment (polymerase enzyme), and at the S'-ends with
[y32pJdATP/T4 polynucleotide kinase under standard conditions
(Sambrook et al., 1989). Following labeling, the DNA fragments were
ethanol precipitated with 3M NaOAc. In Table 1 (p47), the self
16

complementary duplexes are shown to have a single radiolabeled
strand for convenience since radiolabeling of one or both strands
does not have an effect on the interpretation of the results.
Diepoxide Cross-Linking (Summer 1993):
In three different types of cross-linking reactions, 0.5 OD260
radiolabeled duplex DNA (0.4mM) was incubated in 300 roM sodium
acetate at pH 5 with 250 mM DEB or 240 roM DEH or 290 mM DEO
(100 u L total volume) for 2 h at 37°C. 0.1 OD260 radiolabeled duplex
DNA (.08 mM) was incubated in 300 mM sodium acetate at pH 5 and
40 mM DEA (l00 u.L total volume) for 2 h at 37°C. Multiple reactions
of each diepoxide were run in each experiment for consistency.
These conditions maximized the efficiency of each cross-linking
reaction. The acidic sodium acetate may be responsible for opening
the epoxide rings. Incubation was followed by ethanol precipitation
and lyophilization . The dried pellet was resuspended in 100 JlL of
purified water, and a 5 u L aliquot was removed for Cerenkov
counting to determine total cpm in the reaction. The remaining 95 u L
was lyophilized for dPAGE.
Mitomycin C Cross-Linkage:
Mitomycin C cross-linked DNA was prepared according to
Millard & Beachy (1993). Mitomycin C (Me) was added to 1 OD260
radiolabeled duplex TCGA DNA (0.7 mM) in 15 mM Tris (pH 7.5) to
achieve a 1. 8 mM drug concentration (110 JlL total volume). Samples
were incubated at 37°C for 1 h, deaerated by purging with argon for
15 min, and placed on ice. The Me was activated through three
additions at 15 min-intervals of I equiv . of fresh sodium dithionite
(33 mM stock solution in deoxygenated water; 5.4 mM). Cross-linked
DNAs were ethanol precipitated and subjected to denaturing 20%

PAGE.
Denaturing Polyacrylamide Gel Electrophoresis:
After cross-linked samples were resuspended

10

10 1-11 of 5 roM

aqueous urea and loaded onto a ,20% polyacrylamide gel (19:1
acrylamide/bisacrylamide, 50% urea, 0 .35 mm thick, 41 x 37 em), the
17

samples were run on a Hoefer thermojacketed Poker Face gel stand
at 65W, 65°C and ca. IS ern down the gel. DNA fragments were
separated according to size; the high temperatures and urea were
responsible for denaturing the hydrogen bonds between
complementary strands.
Autoradiography was used to locate the single stranded,
monoadducted, and cross-linked DNA (running at half the mobility of
single strands) . Exposure times varied from a half hour to two hours
depending on the cpm of the label and was minimized to prevent
diffusion of the cross-linked bands into the surrounding gel matrix.
Centrally cross-linked DNA was located by comparing bands to a MC
cross-linked DNA standard, and these visualized gel slices of
approximately equal sizes were excised and Cerenkov counted for
cpm of cross-linked product. The percentages of cross-linked DNA
were calculated from the ratios of counts in the gel slices to total
counts in the reaction where this latter value was determined by
multiplying count~ in the 5 u l aliquot by 19. Experiments were
repeated at least eight times for agents, DEH, DEO, and DEA. with GGCC
and GATC, 3-5 times for these agents with all other sequences, and
only 2-3 times for DEB with all sequences.

Diepoxide Cross-Linking (J 995):
The same procedure as above was used except that DNA and
cross-linking agents were incubated in 300 mM sodium acetate
overnight at 37°C. The agents, DEB, DEH, DEO, DECO, and a solution
possibly containing DEP were analyzed for cross-linking preferences
of the two sequences, GGCC where agents will tend to span across one
nucleotide residue (5'-GNC), and GATC where agents would have to
span two base pair residues (S'-GNNC) (Millard & White, 1993). A
radioactive marker was used to align autoradiogram on gel to excise
cross-Ii nked bands more accurately.
Method for the Detection of Cytotoxic Activity in Repandiol Extract:
Refer to the method of Takahashi et al. (1992) for extraction of
repandiol from Hy dnum rep andum mushroom that was performed
by Jennifer Brown. Single stranded DNAs of the sequences
18

5'-AACCTATTGGGCGGGATTA and 5'-AA'ITAATCCCGCCCAAT AG were
obtained and purified according to the above procedure. Purified
oligonucleotides were radio-isotopically labeled at the 3'-ends with
[a 32 P]dAT P/ Klenow fragment (polymerase enzyme) according to the
procedure of Sambrook et al., 1989. Prior to radioactive labeling,
0 .25 00260 of eaeh strand were combined so that during heating the
two complementary strands would anneal. Ethanol precipitation was
done as above.
In two cross-linking reactions, 0.5 00260 radiolabeled duplex
DNA (OAroM) was incubated in 300mM sodium acetate at pH 5 and
110 roM repandiol or 1.1 M repandiol extract overnight at 37°C.
Incubation was followed by ethanol precipitation and lyophilization.
MC cross-linked DNAs were also prepared according to the procedure
described above in order to have a centrally cross-linked standard
for comparison . After cross-linked samples were resuspended in 10
ul of 5 roM aqueous urea and loaded onto a 20% polyacrylamide
gel(l9: 1 acrylamidelbisacrylamide, 50% urea, 0.35 mm thick, 41 x 37
em), the samples were run on a Hoefer thermojacketed Poker Face
gel stand at 65W, 65°C and ca. 15 em down the gel. The gel was
dried (Hoefer Drygel Sr.) onto Whatman 3MM paper.
Autoradiography was used to detect cross-linked products with an
exposure of 12 h.

DNA Cleavage Reactions to Determine Monoalkylation Preferences:
Duplex DNA containing the sequence 5'-GGGCGGG was purified
and 3'radiolabeled according to the previous procedures. Labeled
DNA was cross-linked with the agents, DEB, DEH, and DEO. 0.50D260
cross-linked, radiolabeled DNA was separated with sequencing 25%
dPAGE to obtain better resolution. Cross-linked DNA was excised and
eluted from the gel as described above for purification. Piperidine
cleavage of the cross-linked DNA was achieved by beating the
fragments to 90°C in 10% piperidine to cleave at sites of N7
alkylation (Maxam & Gilbert, 1980). The cleaved fragments were
separated through 25% dPAGE. Through autoradiography, the bands
were assigned by reference to a Maxam -Gilbert guanine-specific
sequencing reaction as described below. Autoradiography was done
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to determine the preferred location of monoalkylation of each
diepoxide by assigning bands via the Maxam-Gilbert Sequencing
reaction that shows all size fragments cleaved at guanines for
sequence d-5'(GGGCGGG).
Maxam-Gilbert Sequencing of DNA d-(5'GGGCGGG):
Normally, DNA sequences of hundreds of base pairs are
sequenced by this very efficient method so that initially the molecule
would be cleaved using specific restriction endonucleases . However,
the native DNA duplex in this procedure is already known so the
fragment to undergo Maxim Gilbert sequencing is initially labeled by
incorporating a tagged 32P-adenosine triphosphate enzymatically
onto the 3' or 5' end of the DNA molecule . The double stranded
fragment is denatured by heating.
Again, if the DNA molecule were being sequenced, the labeled
DNA would be subjected to four chemical reactions in which the
segment is mildly cleaved at one of the deoxyribonucleotide
monophosphates (dNMP) where for each reaction a different
dNMP(dAMP, dGMP, dTMP, dCMP) is cleaved producing fragments of
differing lengths for each reaction . These four reactions would be
separated using gel electrophoresis and analyzed using
autoradiography of radioactively labeled fragments to determine
original sequence. This type of sequencing is being used in the 15
year Human Genome Project to determine the sequence of the entire
human genome (McMurry, 1992).
In this procedure we are interested in the different sized
cleavage fragments that result from cleavage of guanine residues
since our bifunctional alkylating agents target and methylate the N7
position on guanine (Lawley & Brookes, 1967). The methylation of
guanine is accomplished by mild treatment of the labeled fragment
with dimethyl sulfate [(CH30)2S02] which methylates dGMP at N7

according to the following:
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Methylated DNA is than treated with an 10% aqueous solution
of secondary amine piperidine that destroys methylated nucleotides
(by diepoxide alkylating agents or dirnethylsulfate) and the DNA
chain is opened. The complex cleavage process (McMurry, 1992)
involves hydrolysis opening the 5-membered heterocycle, cleavage
of the aminoglycoside sugar linkage yielding an open chain 2
deoxyribose. Then, piperidine and 2-deoxyribose aldehyde group
forms an enarnine, and elimination of the 2-deoxyribose oxygen
substituents occur at C3 and C5 so that the DNA chain is broken open
where that dGMP existed in the chain.
These G reaction fragments are separated using 25%
denaturing polyacrylamide gel electrophoresis (dPAGE) along with
the piperidine cleaved fragments from alkylation by the diepoxide
The gel was dried using a Hoefer Drygel Sr. onto Whatman
3MM paper and exposed on film overnight. Densitometry (Hoefer
GS-300, interfaced to a Macintosh II computer) data were taken to
obtain cleavage intensities for each nucleotide.
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Results
Cross-Ii nkin g
5'-32P-end labeled oligonucleotides that were self
complementary and differing only in their central four bases
according to Table 1 (p47) were cross-linked at pH 5 with six
diepoxide compounds that vary according to their lengths and
molecular flexibility (Figure 1, p48). Jennifer Marden and Michael
Yunes contributed to these results. Since 5'GNC is the preferred
sequence for diepoxybutane, we concentrated on the core sequence
GGCC cross-linked with DEB, DEH, DEO, and DECO (Millard &White,
1993). Since DEB has steric difficulty being accommodated across the
5'GNC preferred site, possibly a six or eight carbon-chain epoxide will
cross-link at the GGCC sequence more efficiently (Millard & White,
1993). We also experimented wi th the sequence GATC because of
the possibility that the longer chained diepoxides could skip two
bases in cross-linking the DNA with 5'GNNC as a target sequence.
More rigid, cyclical diepoxides (DECO, DEA) were analyzed to see if
their cross-linking efficiencies would be diminished as compared to
agents with more flexible reactive centers . Because very little about
the mechanism of cross-linking by diepoxyanthracene is understood ,
all six duplexes in Table I (p47) were cross-linked repeatedly with
this drug and efficiencies were obtained.
Auto radi 0 g ram Analysis:
Diepoxide-treated DNA that had been isolated through ethanol
precipitation was analyzed by 20%- denaturing polyacrylamide gel
electrophoresis (dPAGE). The resulting autoradiogram is shown in
Figure 2 (p49) with a mitomycin C cross-linking reaction standard for
comparison of the central stranded cross-link. In band 1 single
stranded DNA that had been denatured by high temperatures and
urea during dPAGE and monoadducts, DNA single strands that
underwent monoalkylation, were recovered.
Band 2 shows that there 'are a variety of interstrand cross
linked products less mobile than the monoadducts and single strands
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that fanned with each of the diepoxides. Through isolation of band 2
and piperidine cleavage, Millard et al. in 1991 have shown that
duplexes that are terminally cross-linked have a higher mobility in
denaturing gel than centrally cross-linked DNA duplexes . DEB is less
sequence specific than MC, and can cross-link at residues other than
guanine (Millard & White, 1993). Therefore, band 2 probably
represents terminally cross-linked products characteristic in
mechlorethamine, bis(acetoxymethyl) pyrroles (Weidner et al.,

1990), and nitrous acid (Kirchner & Hopkins, 1991) cross-linking
reactions. In DEB and mechlorethamine diffuse bands tend to be
recovered, but in this figure there are three narrow distinct bands
that have migrated in band 2 in the DEH lanes. This shows that
slightly more sequence specific products exist for DEH that are not
covalently bound within the core sequence 5'-GNC. However, from
the present work the molecular foundations for these more mobile
products cannot be determined.
In this figure, mitomycin C acts as a highly sequence-specific
bifunctional alkylating agent like the psoralens that characteristically
produce a single cross-linked product that migrates as a single
narrow band when these agents are supplied with a single site for
cross-linking (Millard et al., 1991). Band 3 that comigrated with the
MC cross-linked product at the centrally located preferred sequence
5'-CG (Weidner et al., 1989) represents the 5'-ONC centrally cross
linked products of variable alkylating agents that were isolated and
quan tified.

Summer '93 Results:
All of the -diepoxide compounds studied, DEB, DEH, DEO, and
DEA, reacted to form a cross-linked product with DNA at a lower
relative concentration than that of mechlorethamine revealing the
inefficient cross-linking capability of these compounds as compared
to the antitumor agents of the nitrogen mustard family. While
mechlorethamine only requires 0.25-2.5 mM to obtain 1 % cross
linking (Millard et al., 1990), 250 mM DEB, -240 mM DEH, -290 mM
DEO and ~40 mM DEA were needed to achieve significant cross
linking (Millard & White, 1993).
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Cross-linking Efficiencies and Sequence Preferences (Refer to Table 2
(p25)):

For the agent diepoxybutane, 5'ONC appears to be the
preferred site of cross-linkage with an efficiency of 0.24% which
correlates very well to the result of 0.26% from (Millard & White,
1993). This core sequence which contains mechlorethamine's
preferred sequence shows the most DEB band 3 product by
approximately four fold over the core sequences TOCA and TCOA (the
preferred sequence of MC). However, this agent even at its preferred
sequence shows less than 0.5% cross-linking through Cerenkov
counting, far lower than antitumor agents of the nitrogen mustard
family. DEB appears to prefer the sequence GATC (0.15%) over TGCA
and TGCA which is surprising considering the added steric difficulty
of spanning two base pair residues instead of one. The average
relative cross-linking efficiencies for the agent tested were as
follows: GGCC» GATC» TCGA > TGCA.
Diepoxyhexane, a six-carbon, flexible cross-linker, showed no
substantial preference for either 5'-GNC (0.12%) or 5'GNNC (0.13%)
but both of these sequences showed the most DEH band 3 cross
linked product by over 6-fold over the core sequence, TCGA, and
approximately 1.5-fold over TGCA. Amazingly, DEH cross-links at
sequences GGCC and GATC less efficiently than DEB even though DEH's
reactive species is longer and might be expected to accommodate
these core sequences more efficiently.
DEO, an eight-carbon cross-linking agent that has known
mutagenic properties (Aldrich), showed a preference for the
sequence 5'GNC (0.15%) in the amount of DEO band 3 cross-linked
product by approximately 2-fold over GATC and TCGA and 3-fold
over TGCA. Here, the average relative cross-linking efficiencies for
the agent tested were as follows: GGCC»GATC>TCOA>TGCA. Again, the
same unexpected pattern as with DEH is revealed in which sequence
preferences for both GGCC and GATC are less than that of DEB.
DEA, a larger and more sterically hindered molecule than the
other three diepoxides, showed no significant preferences for any of
the core sequences studied indicating that this molecule's ability to
intercalate into the DNA helix and span across the two strands is
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significantly impaired by its SIze and the inflexibility of its reactive
centers.

Table 2: 1993 Cross-linking Efficiencies and Standard
Deviations of Diepoxides with sequence
5'-d[AATATAT(N4)ATAT]

crrc
Agent
IEB
OOH
Iff)

DEA

AVE
0.24
0.12
0.15
0.04

SO

0.00
0.11
0.12
0.03

Core Sequence
GATe
TGCA
AVE
AVE
SO
0.15 0.11
0.08
0.13 0.15 0.09
0.08 0.08
o.OS
0.09 0.07 0.08

SO
0.02
0.04
0.05
0.05

TCGA
AVE
0.09
0.02
0.07
0.08

SO

0.01
0.00
0.06
0.04

Refer to Tables 4 (p53,54) for a complete list of cross-linking
efficiencies, respective averages and standard deviations for each
week in summer of 1993. The results within each run were more
repeatable according to the standard deviations obtained. Since
there were fewer runs of the core sequences, TCGA, TGCA, CCGG, and
TATA, the standard deviations were smaller but also less significant
than for GGCC and GATC. The results from the sequences TAT A and
CCGG were omitted from Table 2 (p25) as these results were highly
inconsistent and few actual runs were obtained for the agents DEB,
DEH, and DEO, which are the main focus of this study.
More results were obtained for diepoxyanthracene such that
band 3, DEA cross-linked product with the core sequence TATA
revealed an efficiency (0.12%) and standard deviation (0.01) which IS
inconsistently high compared with the results in Figure 2 and is
probably due to the aging of the highly reactive drug. However,
band 3 DEA cross-linked product with the core sequence CCGG had an
efficiency of 0.08% and standard deviation (0.03) which is consistent
with the low level of cross-linking of DEA without preferential
targeting.
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Due to technical difficulties in quantifying such low cross
linking efficiencies, more work needed to be done to ensure
repeatability of this data which was done in spring 1995 .
Spring '95 Results:
Again, higher concentrations of each of the diepoxide
compounds studied, DEB, DEP, DEH, DEO, and DECO, were required to
form a cross-linked product with DNA at a lower relative
concentration than that needed by mechlorethamine, revealing the
inefficient cross-linking capability of these compounds as compared
to the antitumor agents of the nitrogen mustard family . Relative to
concentrations of the nitrogen mustards where 0.25-2.5 mM
mechlorethamine is required for sufficient cross-linking, -250 mM
DEB, -240 roM DEH, DEO, and DECO was required for any measurable
amount of cross-link to be isolated (Millard et al., 1990) .
Cross-linking Efficiencies and Sequence Preferences (Refer to Table 3
(p28)):

In these experiments, the two core sequences OGCC and GATC
were the only two sequences analyzed by the previously five
specified cross-linking agents. These two sequences are of greatest
interest because agents cross-link by spanning one or two base pairs
across N7 guanines on complementary strands of DNA. The data
shown in Table 3 (p28) for the average cross-linking efficiencies
shows striking differences from the results of Table 2 (p25) for the
two bifunctional agents, DEB and DEO . In this data, sequence
preferences of cross-linking agents are more obvious. DEB's values
have increased by more than four-fold from previous results
obtained which is discouraging since the literature value for DEB's
cross-linking efficiency at the sequence GGCC is 0.26% according to
Millard & White (1993). . However, the standard deviations show that
the technical skills in isolating and quantifying these low efficiencies
have improved. These experiments were also run under different
conditions with a longer incubation time for more cross-linking and a
different source of DEB was used. A sequence preference for the site
5'-GNC is shown in DEB's average efficiencies similar to the previous
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results in 1993. These results agree with the result that while DEB's
four carbon chain spanning distance is shorter than the 7.S A
spanning distance of mechlorethamine, both unexpectedly span an
8.9 A distance of S'GNC (Lawley & Brookes, 1967). Where the
distance in a S'GNNC sequence would be even longer, DEB would have
considerably greater difficulty in targeting the GATe sequence.
After an attempted synthesis and purification of DEP, a S
carbon chain diepoxide, the suspected compound was reacted with
DNA containing a GATC core sequence to determine if any
diepoxypentane was present. The insignificant levels of band 3
cross-linked product indicates that either diepoxypentane was not
synthesized or that this compound is a very inefficient cross-linker.
If the latter case is true, DEP may span the 5'GNC distance more
efficiently like the other agents.
Unlike the results from 1993, diepoxyhexane shows a definite
preference for the sequence GGCC (0.34%) over the sequence GATC
(0.08%). In comparison to DEB, there is almost three times more
band 3 DEB cross-linked product than DEH-isolated product cross
linked with the core sequence GGCC and almost eleven times more
DEB product than DEB product cross-linked with the core sequence
GATC . That DEB would span the S'GNNC distance more effectively
than the longer six carbon chain is surprising but may have to do
with steric hindrance and DNA's conformational flexibility.
The results for DEO are significantly different here because the
8.9 A distance that must be spanned for the sequence OOCC to be
cross-linked seems to be accommodated by the eight carbon chain
diepoxyoctane more efficiently than either the four, five, or six
carbon chain diepoxides can span this distance (Lawley & Brookes,
1967). This result tends to agree with the prediction that longer
chained diepoxides cross-link more efficiently at greater sequence
distances and the hypothesis proposed by Brooks et al. in 1961 that
diepoxyoctane could span the 8 A radius of the S'ONe sequence in B
DNA most efficiently. However, the steric hindrance involved in
spanning across two base residues seems to be a dominating factor as
the efficiency of DEO's cross-linking efficiency (0.30%) to S'GNNC is
significantly lower than that of DEB (0.86%).
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Diepoxycy1cooctane, like DEA, tends to be a very low efficiency
cross-linker from the relative efficiencies (0.016% for GGCC and
0.014% for GATC) . The ring structure within this molecule gives the
epoxide reactive centers considerable inflexibility such that low
efficiencies of cross-linked product result. Essentially, no sequence
preference exists; DECO seems to have only a slight partiality toward
the sequence, S'GNC.
All bifunctional alkylating agents including the longer chained
compounds tend to accommodate the 5'GNC distance preferentially to
the 5'GNNC distance in all duplex DNAs. This result may indicate that
diepoxide compounds of different sizes and lengths may experience
in common more steric hindrance from the DNA helix in spanning a
distance containing two base residues than in spanning just one. This
steric hindrance may play a crucial role in determining cross-link
formation.
Refer to Table 5 (pS5) for a complete list of cross-linking
efficiencies, respective averages. and standard deviations for each
week in spring of 1995 . Again results within runs tend to have
smaller deviations.

Table 3: 1995 Cross-linking Efficiencies and Sequence
Preferences of Diepoxides of Varying Lengths

Cross-linking
Agent
Di epoxyburane

DNA

oocc
GATC

o i epox ypen lane

Ga:C
GATC

o iepox yoctane

cnx:

GATC
Diepoxycylcooctaoe

Average
Efficiency
0.98
0.86

Standard
Deviation
0.37
0.33

0 .013
0.34
0.08
I. 08
0.30
0.016
0.014

0 .003
0.16
0.02
0.50
0.11
0 .004
0.003

GGCx:::
GATC

Diepo xyhex ane

Sequence

cocc
GATC

Atoms in
Radius
I2

3A
3I
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4

8
7

Computer Modeling Results:
The last column in Table 3 (p28) represents the number of
atoms that exist within a 3 A radius of each cross-linker bound to B
DNA . These values were determined by Mike Yunes through
computer modeling using a Silicon Graphics Iris Workstation. This
data was collected to ascertain, theoretically, to what degree each
diepoxide cross-linker is sterically hindered when covalently bound
at the N7 position of guanine residues across complementary strands
of DNA at the sequence 5'GNC. Also, through these theoretical models
we hoped to substantiate the lab results by determining both steric
hindrance in combination with the lengths of the alkylation bond
between the 7 nitrogen on guanine and the reactive carbon on the
cross-linker. These average bond lengths were also calculated by
Mike Yunes to support the wet chemistry results. These values were
as follows: DEB (1.733 A), DEP (2.632 A), DEH (5.914 A), DEO (3.690
A), cis DECO (4.871 A), trans DECO (5.493 A) , and mechlorethamine
(3.791 A). A model of cross-linked mechlorethamine across its
preferred sequence, 5'GNC, was used as a standard comparison .
The general pattern of decreased steric hindrance with larger
and lengthier diepoxides probably results from the common pattern
that bond length also increases as alkylating agents become longer
and more structurally rigid . As these molecules increase in size, they
are unable to bind across the two strands of the complementary DNA
duplex and their bonds to the guanine residues become stretched
and strained . The association between these two variables exist in a
interdependent, inverse relationship.
Mechlorethamine, the simplest of the nitrogen mustards, has a
1% cross-linking efficiency and according to the model has 7 atoms
within a 3 A radius of its position when cross-linked to DNA with an
average bond distance of 3.791 A. This compound appears to be
moderately sterically hindered and to have moderate strain on its
cross-link bonds. In accordance with this antitumor agent's high
cross-linking efficiency, this model probably represents the ideal
situation in which neither steric strain nor bond stress are intensely
experienced by either DNA or mechlorethamine.
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DEB's high steric bindrance according to the 12 atoms within
the 3 A radius of this cross-linking agent model is compensated for
by the small average bond distance. DEB is the second best cross
linker (0.98%) to DEO because this compound binds across the major
groove of B-DNA even though as a result this agent becomes more
hindered within the helix.
According to the cross -linking efficiency results, if DEP were
synthesized, and its band 3 cross-linked product were isolated with a
low cross-linking efficiency, the enormous steric hindrance of 31
atoms within the 3 A radius is more than twice the number of atoms
within DEB's radius. This result would explain the low level of cross
linkage, in spite of the relatively low average bond lengths of
2.632 A.
DEH's relatively low cross-linking efficiency (0.34%) compared
to DEB and DEO can be explained by the enormous strain on its cross
link bonds to the guanine residues . The low value for atoms within
the 3 A radius (4 atoms) is a result of the agents being unable to
slide into the major groove of B-DNA. The differences in the stereo
specific forms of DECO do not seem to have a significant impact on
the steric hindrance and bond lengths of the molecule during cross
linking. The influence of cis and trans DECO's structural rigidity due
to its ring structure on its cross-linking capability, is revealed in the
stress of the long bond distances for each (4.871 A and 5.493 A,
respectively) even though it experiences moderate steric hindrance
like that of mechlorethamine.
Through the analysis of two variables, steric hindrance and
bond distance, that both have a significant impact on the
effectiveness of cross-linking, these computer generated models
provide some support for cross-linking efficiency and sequence
preference results from the lab.
Repandiol as a cross-linking agent (Refer to Figure 4 (pSI)):
Repandiol that was extracted from the mushroom, Hy dn um
rep an dum, by Jennifer Brown was used in a cross-linking reaction at
two different concentrations (110 mM and 1.1 M repandiol extract)
with the 5'-GGGCGGG sequence in order to ascertain qualitatively
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whether it has cytotoxic acuvity tn vitro. From the autoradiogram in
Figure 4 (pSI), cross-linked, narrow bands migrated slower than
monoadducted and single stranded DNA in the lanes with repandiol
in dPAGE. Therefore, a repandiol cross-linked product was isolated
that revealed a high sequence specificity like MC. The centrally
linked MC reaction band seemed to migrate slower than the
repandiol cross-linked bands indicating repandiol cross-linked at a
slightly more terminal position of the core sequence than that of MC
which was provided with only one potential target site for alkylation .
Concentration dependence is seen with this agent for tbe two
different quantities cross-linked where the lighter band corresponds
to the lower concentration and the darker band to the higher
concentration.
Monoalkylation preferences:
The product formed in the first step of the cross-linking event,
the monoalkylated product, can be produced through more sequence
specific monoalkylation as with Me and the nitrogen mustards or
through random monoalkylation. These results were obtained by Dr.
Julie T. Millard and Jennifer Marden. According to Table 6 (p32), the
average monoalkylation of DEB, DEO, and DECO appears to be fairly
uniform for all dG residues on the core sequence of 5'-d[GGGCGGG].
Therefore, interstrand cross-linking preferences exhibited by DEB,
DEH, and DEO must occur at the step of mono-adduct conversion to
cross-link. Millard & White (1993) showed in the process of this
conversion that percent cleavage at G2 of the second strand occurred
at the highest percentage relative to the other guanine residues for
DEB. From the results for cross-linking efficiencies, this same patte!"TI
would be expected for DEH and DEO since they also preferentially
cross-link the sequence 5'GNC.
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Table 6:

Monoadduct Formation of Diepoxides
(poster presentation)

Percent Cleavage at:
5'-d[AACCTATT(G 1)(G2)(G3)C(G4)(G5)(G6)ATTA]
G2

~

Gl
22

18

G3
13

00)

20

16

15

ffiX)

16

17

20

Agent

G4
17
17
14
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G5
19
16
17

G6
11
16
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Syntheses
Epoxides Used:
Ethylene oxide (CH2CH20) , diepoxybutane, diepoxyoctane (DEO)
and diepoxycyclooctane (DECO) are commercially available epoxides
from Aldrich Chemical Company . In order to use 1,5-diepoxyhexane
and l,4-diepoxypentane in the cross-linking reactions with DNA
previously described, their syntheses from l,5-hexadiene and 1,4
pentadiene were attempted.
Synthesis of styrene-oxide,
cyclohexene-oxide and glycidol (2,3-epoxy-l-propanol) from
commercially available styrene, cyclohexene, and allyl alcohol.
repectively, were also attempted to test different methods before
using tbe expensive dienes in the objective syntheses.
Epoxidation of Alkenes with Mvchloroperoxybenroic Acid (MCPBA):
Variations on the method of Schwartz & Blumbergs (1964)
were used to attempt to synthesize epoxides from three alkenes,
styrene, l,2,5,6-hexadiene, and 1,2,4,5-pentadiene with the reagent
m-chloroperoxybenzoic acid (MCPBA).
Styrene->- > Styrene-oxide :
MCPBA 0.66 g, 400 mM) and styrene (550 JlL, 200 mM) rn a

2: 1 ratio in 0.025 L of dichloromethane were mixed at 4°C in a
coldroom for 24 h (Hibbert & Burt, 1956). After vacuum filtration to
remove excess solid reagent, the acid byproduct was neutralized with
a 1% NaOH solution. The reaction mixture was separated, refiltered,
and dried with anhydrous magnesium sulfate.
Vacuum-evaporation
of the product yielded a impure white solid with a melting range of
220-400°C. An infrared spectrum revealed a single peak around
2400 wavenumbers .th at was difficult to interpret.
In an attempt to improve product yield, greater quantities of
each agent (30 mmol styrene and 15 mmol MCPBA) in 25 mL
dichloromethane were reacted in a vessel in the dark for three days
to protect the product in case of light sensitivity. Again a white solid
with the same properties was separated from this reaction.
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1,2,5, 6-Hexadiene ---> 1 ,2, 5, 6 -Diepoxyhexane:

•

o\~

A.

A

V""-../ "L.-~o

A solution of 1,5-hexadiene (4.66 g. 56.7 mrnol) and MCPBA
(33 .9 g, 196.4 mmol) in 150 mL dichoromethane (3 .5:1 ratio of
MCPBA to substrate) was mixed at 4°C in a coldroom for 15 h. After
vacuum filtration of the reaction mixture, a dilute NaOH solution was
added to neutralize the acid byproduct of the reaction. The organic
phase was separated, refiltered, and dried with anhydrous sodium
sulfate. Using a vacuum at 35 mmHg, we separated the mixture into
three fractions and evaporated the sol vent.
Infrared spectroscopic
analysis showed the product O,5-diepoxyhexane) to be in fraction
three. Purity was 99% as monitored by the gas chromatograph/mass
spectrometer (GC/MS) .

1,2,4, 5-Pentadiene--- > 1,2,4,5-Diepoxypentane:
The epoxidation of 1,4-pentadiene was attempted using the
above method , molar ratios, and trying solvent systems of both
dichlorornethane and chloroform. Following purification of MCPBA as
described below, this reaction was attempted with a 4: 1 ratio of
reagent (9.5 mmol) to substrate (2 .5 mmol) at 4°C for 15 hand
stored under de aerated argon . Each time the product mixture was
neutralized, dried, and evaporated significant acid by-product
remained in solution, and with each subsequent neutralization any
small concentration of product produced was lost.
Epoxidation of Alkenes with Monoperoxyphthalic Acid, Magnesium
Salt Hexahydrate (MMPP):
Variations on the method by Brougham et al. (987) were
used in the attempted syntheses of glycidol from allyl alcohol,
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1,2,5,6-diepoxyhexane -from 1,2,5,6-hexadiene, and 1,2,4,5
diepoxypentane from 1,2,4,5-pentadiene.
Allyl Alcohol--> Glycidol:
A solution containing MMPP (5.194 g, 11 mM in 0.05 L H20)
was added to an allyl alcohol-methanol mixture (3.88 mL, 57 mM in
0.02 L MeOH) where the ratio of substrate-to-MMPP was 1:0.2. The
reaction was mixed at 4°C for 4 h. Vacuum-evaporation removed
MeOH and using CH2CI2, the organic layer was separated. Infrared
spectra revealed a huge alcohol peak and a C-O bond stretch usually
found in the fingerprint region, while NMR spectra indicated no sign
of glycidol.
A ratio of 1:0.6 substrate to MMPP was attempted
according to the above method and fractional distillation was
performed on the product. Syrupy yellow residue remained in flask
after MeOH (64.6°C), any unreacted allyl alcohol (96.6-97.0°C), and
H20 (lOO°C) distilled off the column. Any glycidol product
(bp= 167°C) was destroyed .
A shorter reaction time of two hours
was tried using the same ratio to avoid degradation of the formed
product. Through infrared spectral analysis, the glycidol product was
detected where peaks characteristic of epoxide rings were found at
1250 and 750 wavenumbers (Figure 5, p52).
1,2,5,6-Hexadiene--> 1,2,5,6-Diepoxyhexane:

A molar ratio of 1: 1.2 substrate to MMPP and a solvent system
of MeOHlH20 were used. A solution of MMPP (43.35 g, 87.6 mmol)
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in 209 mL H20 was added to a solution of 1,2,5,6-hexadiene (6 g,73.0
rnrnol) in 13mL methanol and the mixture kept at 5°C for 15 h.
hundred milliliters of dichloromethane and 50 mL H20 were

One

introduced into the reaction vessel and the organic phases separated
from the aqueous inorganic phases. After the solvent was
evaporated, the resulting mixture was distilled into one fraction at
I I 5°C. Infrared spectroscopy and GCrMS were used to confirm the
presence of the 1,5-diepoxyhexane in the fractional distillate,
although considerable starting material remained. The ratio of
MMPP: 1,2,5,6-hexadie-ne (1 :3) was increased and a new solvent
system (i-PrOH/H20) was introduced in an attempt to maximize our
product yield. MMPP, 0.034 moles, in 70 mL H20 and 0.011 moles
hexadiene in 3 mL i-PrOH were mixed at 4°C for 20 h. The product
was extracted twice with CH2CI2, dried with anhydrous sodium
sulfate, and collected from a gas chromatograph column to yield DEH
with 99% purity with very little reactant remaining according to
GCIMS (Figure 6, p52).

1,2 ,4,5-Pentadiene-- > 1,2,4,5-Diepoxypenrane:
The successful method used above with the i-PrOHlH20
system and the 1:3 molar ratio was used in this synthesis. Twenty
grams MMPP (40 rnmol) in 95 rnL H20 added to 0.918 g pentadiene
(14 romol) in 2.3 ml i-PrOH was mixed at 4°C for 4.5 h; the organic
phase was separated using CH2Cl2 and dried . Any product formed
was analyzed with gas chromatography, infrared spectra, and GCIMS
spectra. Insignificant product was isolated in a GCIMS spectrum
(Figure 7, p52). A better method for synthesis was sought.
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Synthesis of Peroxybenzoic Acid:

..
Sodium methox ide

Sodium Sulfate

°

a
\

Sodium Perbenzoate
(water soluble)

II

c

<, /

o

°

'
H

#

peroxybenzoic acid

Peroxybenzoic acid was synthesized according to the above
scheme in an effort to obtain pure reagent containing no acid
contaminant for diepoxide syntheses (Braun, 1956). To a freezing
solution (-1°C) of sodium (5.2 g) dissolved in 100 mL MeOH that
produces sodium methoxide, 50 g of benzoyl peroxide (mp=104°C)
200mL chloroform was added. Peroxybenzoic acid was liberated
from tbe water-soluble sodium perbenzoate by adding 225 mL of
cold IN sulfuric acid and was then separated by extraction with
3x 100 mL portions of cold chloroform. After evaporation of the
product, a white solid that melted at 121°C (benzoic acid mp=122
123°C) formed. Using thin layer chromatography (TLC) in 100%
hexane and UV shadowing for analysis, the product was further
analyzed by comparing the product to pure benzoic acid and pure
methyl benzoate, where a spot of highest mobility may have been
the desired product according to the following figure:
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10

0

product?

o 0

o

benzoic
acid

0

?

methyl
benzoate

Another synthesis on a smaller scale in dichloromethane was
repeated to avoid losing product in evaporation and an epoxidation
synthesis immediately. followed. Upon TLC analysis, the product
mixture still contained significant amounts of methyl benzoate.

Purification and Quantification of MCPBA by Phosphate Buffer and
Iodiometric Assay (Schwartz & Blumbergs, 1964):
Since commercially prepared MCPBA has only an 85% purity,
acid contaminants may be reacting with l,4-pentadiene or DEP
before separations can be done. We attempted to remove acid
impurities in m-chloroperoxybenzoic acid (MCPBA) using a
phosphate buffer at pH=7.5 since m-chlorobenzoic acid has a lower
p Kj, than the desired reagent. The resulting white solid peracid
should be exceptionally stable with less than 1% decomposition per
year at room temperature. Through an iodiometric assay MCPBA's
purity could be quantified. Using the Henderson-Hasselbalch
equation (Lehninger et al., 1993), a 250 mL aqueous solution of
0.05 M Na2HP04 and 0.025 M NaH2P04 was combined with
12.5 mmol MCPBA. The resulting solution was dried and filtered. A
55% yield was obtained to be measured iodiometrically. A 10 mL,
20% KI solution containing 3 rnL acetic acid was added to a 5 ml
aliquot of MCPBA to reduce peroxyacid and oxidize iodide to iodine
(intense rust color). Titration of the liberated iodine with a O.IIN
sodium thiosulfate solution resulted in quantification of 3.7 mmol
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MCPBA in the original 5 ml aliquot. This indicates almost 100%
purity for MCPBA even though TLC analysis showed no signs of
purification taking place.
Epoxidation of Alkenes with H2021Acetonitrile system:
A method by Bach & Knight (1981) was attempted

which a
less acidic amide byproduct would be produced instead of the
carboxylic acids formed using the previous two methods. The
synthesis of DEH that has been worked out with the other methods
and the less expensive cyclohexene-oxide were attempted before the
synthesis of DEP.
1,2,5,6-Hexadiene-- > 1, 2,5, 6-Diepoxyhexane:
The concentration of each reagent (H202, MeOH, CH3CN, KHC03)
in this procedure was doubled in order to account for the double
epoxidation on each molecule of substrate. In a round bottom flask
at about 25°C, 367 ~L 1,2,5,6-hexadiene (3.1 mmol), 4.171 mL MeOH
003 mmol), 584 _~ L acetonitrile (11.2 mmol), and 107 rng potassium
bicarbonate (1.1 rnmol) were combined, and at 4°C 196 ~L hydrogen
peroxide (6.2 mmol) was added drop-wise to the heterogeneous
mixture that was allowed to react at room temperature for 18 h. The
resulting mixture was diluted with 1 mL of saturated NaCl, extracted
with two x 5 mL portions CH2Cb, dried over anhydrous sodium
sulfate and vacuum-evaporated. GC results showed significant
reactant remaining in the mixture.
In

Cyclohexene-» > Cyclohexene-oxide:
Using 628 III (6.2 mmol) cyclohexene and reagent ratios and

solvent quantities -as above, cyclohexene-oxide was synthesized in
reasonable yields with small amounts of cyclohexene remaining
according to GC analysis. Infrared spectra revealed epoxide peaks at
1250 and 750 wavenumbers that were absent in spectra of pure
cyc1ohexene.
1,-2,4,5-Pentadiene-- >

1,2,4,5-Diepoxypentane:

Using the above molar ratios of substrate, reagents, and
solvents, background 1,2,4,5-diepoxypentane was produced as
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determined through GCIMS analysis. Since the reaction was left
overnight at room temperature, this same pattern of insignificant
yields presumably has to do with pentadiene evaporating from the
reaction mixture before there is time for the diene to react with
peroxycarboximidic acid.
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Discussion
Cross-linking Efficiencies:
All of the diepoxides ill this project appear to preferentially
alkylate the sequence 5'-GNC and vary in their efficiencies of cross
linking according to steric hindrance with the DNA molecule and
their characteristic bond strains. These two factors, analyzed
through computer modeling by Mike Yunes, seem to follow an
inverse relationship. Mechlorethamine, a highly efficient cross
linker, has minimum bond strain and steric hindrance while far less
efficient diepoxide carcinogens like DEB, DEH, and DEO tend to have
higher degrees of one of these two factors. DEO's preference for
S'GNC over both DEB and DEB agrees with the hypothesis that longer
chained diepoxides can span these distances more efficiently.
However, the sequence S'GNNC appears to be too long and sterically
hindering for efficient cross-linking.
In the alkylating reaction of the DNA molecule with the
reactive centers of DEB, DEB, and DEO, conformational flexibility of
the agents seems to play a vital role for the efficiency of DNA cross
linking. This important consideration may be helpful in predicting
the carcinogenicity of unexplored compounds that are bifunctional
alkylating agents.
The four-carbon-chain compound, diepoxybutane, probably
binds across strands within the major groove of the DNA helix as
evidenced by the large steric hindrance and its small average bond
length. According to Figure 2 (p49), DEB has been shown to produce
cross-links involving terminal dA/dT residues (Millard & White,
1993) . . Terminally linked adducts with DEH and DED that have
migrated further than the centrally linked product were seen. DEH
shows more specific terminal cross-linking with narrower bands
within band 2. This observation may imply that DEB is less sequence
specific for the core S'-GNC than the other two compounds. As with
DEB these longer chained diepoxides are less sequence specific than
the antitumor agent mitomycin C.
An important consideration in this project is that there is
considerable conformational flexibility of the DNA molecule in
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aqueous solution. DNA plays a vital role in the accommodation of the
bifunctional alkylating agents across its complementary strands that
vary according to size and length. Figure 3 (p50) shows
diepoxypentane spanning across the sequence 5 'GNC and the
substantial bend that can be seen in the macromolecule, DNA. X-ray
crystal analysis confirms the intrinsic bending of the sequence 5'
GGCC to allow spanning of short alkyl chains across the major groove
(Goodsell et al., 1993).
Rigidity of DECO and DEA ring structures makes cross-linking
across guanine residues of opposite strands spanning an 8.9 A
distance difficult accounting for the low efficiency of these cross
linking agents. Therefore, the cytotoxicity and probably the
carcinogenicity of these compounds is lower due to their slow and
hindered reactivity. These compounds are unable to bind tbe double
stranded helical molecule according to both the wet chemistry and
computer modeling results because of the rigidity of the reactive
centers.
Inconsistencies in the results from 1993 were due to technical
difficulties in quantifying such low cross-linking efficiencies as
revealed by the large standard deviations. Experimental errors that
probably contributed to this disparity include cracked plates,
pipeting inconsistently, weakly radiolabeled DNA, excision of
inaccurate or unreasonably large regions of the gel in obtaining
cross-linked product from band 3, and running insufficient quantities
of mitomycin C cross-linked DNA. During the analysis,
diepoxyanthracene appeared to have aged somewhat due to its
bright yellow color. Therefore, this drug's instability may also be a
source of experimental error.
Oligonucleotides that were cross-linked with the base pair
sequences in Table 1 (p47), CCGG and TATA, showed extremely
insignificant and variable cross-linking results and so were not
included in Table 2 (p25). A possible reason for this with the core
sequence, TATA, may result from the fact that alkylating agents tend
to covalently bind at the N7 position of guanine residues as seen with
the majority of nitrogen mustards, MC, and DEB analyzed in past
studies, while this entire sequence contains only adenines and
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thymines . Any cross-linked
been a result of bifunctional
at the N6 position since this
benzo[a)pyrene, preferentially

product that was measured may have
alkylation to the other purine, adenine,
is where another alkylating agent,
binds (Farmer & Walker, 1985).

Confirmed Cross-linking of Repandiol:

From the photograph of the gel, repandiol seems to have a
strong base-sequence specificity similar to Mitomycin C. The amount
of cross-linked product is dependent on the concentrations of
repandiol present as shown in Figure 4 (pSI) . Whether this
preferential binding occurs at monoalkylation or conversion of
monoadduct to cross-link remains to be determined. This
experiment indicates that this bifunctional agent shows a strong
sequence specificity that contributes to the hypothesis that repandiol
may be a strong antitumor agent like MC and the nitrogen mustards.
Monoalkylation

Preferences:

According to the results obtained thus far, we see no sequence
specific monoalkylation for longer chain diepoxides. Therefore,
conversion of monoadduct to cross-link appears to be the critical step
for any sequence preference. This is not unexpected for DECO and
DEO since Millard & White found this to true for diepoxybutane.
In Vivo Cross-linking:

The patterns of sequence targeting of the carcinogenic cross
linking agents found in this study may well reflect the sequence
patterns found in intact cells in vivo according to a study done with
nitrogen mustards (Hartley et al., 1992) . However, the amount of
DNA damage would decrease to due to a lower level of epoxide
diffusion into the cell's nucleus through the nuclear membrane. The
damage might also decrease due to reactivity with other
macromolecules within the cell cytoplasm and nucleus . This lower
level of bifunctional alkylation compounded with the already low
levels of cross-lin.k production found in these studies does not,
however, mean these compounds have an inconsequential capability
as carcinogens. Only one alkylating event is necessary to cause a
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gross mutation III the genome of a somatic or germinal cell, and as
discussed in the introduction, in many cases cancer is an age related
disease that evolves through the repeated damage of genetic
material over time.
Syntheses:
The syntheses of 1,2,5,6-diepoxyhexane all proved successful
while in the 1,2,4,5-diepoxypentane syntheses in which only
background product was detected, the acid byproduct in the
peroxyacid syntheses probably destroys the diepoxide before any
organic separations can be completed.
The stability of longer chained diepoxide compounds does not
agree with the trouble in synthesizing diepoxypentane. The general
trend of decreased volatility of the diepoxides with in- creased chain
length is illustrated as follows: DEB (bp=56-58°C) and DEO
(bp=240°C). Therefore, since DEP should have an intermediate
volatility and boiling point, the commercial availability of ethylene
oxide and DEB that both have the highest predicted volatility predicts
that the synthesis of DEP should be feasible. However, the density of
l,4-pentadiene (0.659 g/ml.), boiling point (26°C), and melting point
(-148°C) all reveal the high volatility and reactivity of this starting
material. Either the product may evaporate with the solvent during
vacuum-evaporation, or the substrate, pentadiene, may evaporate
into the air before any reagent can be added or some of both may be
occurring. This hypothesis is not umlikely because stored pentadiene
kept at refrigeration temperatures escapes if not used immediately
and stored in an air-tight container.
Another hypothesis for the difficulty in synthesizing 1,4
diepoxypentane may be that this unstable, odd-numbered carbon
chain has a less favorable conformation and has more difficulty
accommodating two 3-membered oxygen rings on carbons 1,2 and
4,5 than the even chained diepoxides like DEB, DEH, and DEO. This
may also be true for 1,2,6,7-diepoxyheprane, a seven-carbon
diepoxide.
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From this project's results we see that if a method for
removing acid from the reaction cannot be found, the acid will
deteriorate the diepoxide quickly.
Future Work:

With the syntheses, a better understanding of the
conformationally minimized structure of 1,2,4,5-diepoxypentane and
1,2,6,7-diepoxyheptane could be obtained with computer modeling of
these compounds to determine their stabilities. Perhaps 1,2,4,5
pentadiene should be synthesized using Schlenk-ware in the lab
instead of obtained commercially so that larger quantities of this
substrate for epoxidation would be available.
The computer modeling results were calculated with incorrect
bond angles and phantom bonds so that more work in the future will
be required to re-calulate average bond lengths .
In the future, the sequence preferences of longer chained
diepoxides could be confirmed as with DEB through cross-linking,
isolation of the least mobile bands, and piperidine cleavage of this
duplex in three radiolabeled states to pinpoint the guanine residues
on the top and bottom strands as the predominant linkage residues
(Millard & White, 1993). Also, the synthesis and cross-linking
efficiencies for 1,2,6,7-diepoxyheptane could be measured to gain a
better understanding of the mechanisms of the cross-linking reaction
of these longer chained diepoxides.
Relative cross-linking sequence preferences and relative
monoalkylation preferences of diepoxypentane and diepoxyheptane
with core 5'GGGCGGG sequence could be determined, if a better
synthesis for both agents can be worked out that doesn't produce
any reactive acid byproducts. Then cross-linking efficiencies for DEP
with the two sequences GGCC and GATC could be determined.
Efficiencies and sequence preferences of the highly sequence specific
alkylating agent repandiol could be determined. Whether this
compound exhibits cytotoxic activity in vivo would also be
interesting to prove .
Perhaps the effect of cytosine methylation on the sequence
preferences of these diepoxides could be determined in conjunction
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with the mitomycin C project (Millard & Beachy, 1993) . This may
help to elucidate why certain bifunctional alkylating agents act as
antitumor agents and others as deadly mutagens that target healthy
cells.
Tox icities of the major compounds in our study tend to
decrease with increased rigidity of the molecule's reactive centers
and chain length. From research thus far, the vastly differing
biological modes of action of cross-linking agents do not seem to be
dependent on genomic sequence specificities for either diepoxides or
nitrogen mustards, but on other characteristics of DNA like
methylation patterns in cells. The present findings probably
represent a microcosm in an immense, complicated mechanism with
interdependent controlling elements. The elucidation of this intricate
process will provide scientists with a key to understanding the
complexities of cancer.
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Table 1. DNA Duplex Fragments Used in These Studies .a
Nucleotide Sequence

5'* AATATATGGCCATAT3'

3'TATACCGGTATATAA5'

5'* AATATATGATCATAT3'

3'TATACTAGTATATAA5 '

5'* AATATATTCGAAT AT3'

3'TATAAGCTTAT ATAA5 '

5'*AATATATTGCAAT AT3'
3'TATAACGTT ATA T AA 5'

5'*AATATATCCGGATAT3'

3'TATAGGCCTATATAA5'

5'*AAT ATA TTA T AAT AT3 '
3'TATAATATTATATAA5'

aAsterisk (*) indicates position of 32P-radiolabel.
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Figure 1: DNA Cross-linking Agents:
Diepoxide compounds used in cross-linking and sequencing studies.
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MW=114

Me
DEB

DEB

DEB

DEH

DEH

DEH

DEO

DEO

DEO

TCGA

Band 3
Band 2

Band 1

Figure 2: Exposed autoradiogram of denaturing PAGE analysis of
DEB, DEH, and DEO cross-linked reactions as indicated above gel lanes
of S'<end-radiolabeled DNAs: S'-d[AATATATGGCCATAT]. The right
lane is a mitomycin C (MC) reaction with the duplex of core TCGA for
compari son .
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Figure 3: l,4-Diepoxypentane cross-linked at N7 guanines across
complementary strands of DNA on the sequence 5'-GNC showing the
conformational flexibility of this macromolecule to accommodate this .
alkylating agent.
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MC
(TCGA)

L

110mM
Repandiol

I.IOM
Repandiol

- -

Figure 4: Exposed autoradiogram of denaturing PAGE analysis of
110mM and 1.1 M repandiol cross-linked reactions as indicated above
gel lanes of 3'-end-radiolabeled DNAs: 5'd[AACCTATTGGGCGGGATTA].
The left lane is a mitomycin C (MC) reaction with the duplex of core
TCGA for comparison.
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Figure 5: Infrared spectrum of glycidol product synthesized from
allyl alcohol with MMPP reagent.
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1.5-diepoxyhexane product
with 1.5-hexadiene remaining.

Figure 7: GelMS of background
DEP synthesized from 1A-DEP
pentadiene and MMPP in
i-PrOH/H20 solvent system.
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Table 4

--DNA Sequence
GATe
II

II

II

AVE (7/15)
SO (7/15)
II

"
AVE (7121)
SO (7/21)

"

0.019762
0.052822
0.080831
0.092509
0.08667
0.008258
0.505051
0.044825
0.274941
0.325425

0.033296
0.106645
0.136124
0.121385
0.020845
0.034472
0.054249
0.044361
0.013984

0.129487
0.16621
0.036855
0.110851
0.066661
0.0883
0.003647
0.328373
0 .0653
0.018519
0.04191
0.0331
0.069244

0.238681
0.066117
0.169718
0.158172
0.086859
0.05886
0.029382
0.071387
0.227618
0.349826
0.289
0.0863
0.11223

0.190235
0.250952
0.071661
0.170949
0.091188
0.241
0.044

0.307809
0.051064
0.169642
0.176172
0.128497
0.327
0.079

.
..
"

"

AVE (812)
SO (812)

II

.
6121193
6/29/93
7/7/93
7115/93

0 .24508
0 .021618
0.244673

II

AVE (7115)
SO (7115)

"
AVE (7/21)
SO (7121)

"

AVE (7/27)
SO (7/27)
II

..
.
AVE (8/2)
SO (812)
~

0.145374
0.210941
0.249334
0.230138
0.027148

..

"

..

DEO

II

..
7/21/93
.
..
..
7127/93
..
..
.
..
8/2/93
..
..
.
II

6121/93
6/29/93

-

DEA

0.02648

812/93

II

..
..

DEH

II

AVE (7/27)
SO (7127)

..

..
..
..
7121193
..
..
..

DEB

7127193

"

..oxx
..
..
..

Week of
6/21/93
6/29/93
7/7/93
7115/93

II

..
..

-

·0 .3 9 5
0.096

-

53

-

0.120084
0.229689
0.174886'
0.077502
0.027104
0.046656
0.146247
0.073336
0.063896
0.057983
0.125721
0.02326
0.068988
0.052109

0.048889
0.080152
0.064521
0.022106
0.034598
0.072425
0.019212
0.042078
0.027384
0.01053
0.025804
0.023706
0.020013
0.008279

Table 4

..
..

7/7/93
7/21/93

..
AVE (7/21)
SO (7/21)

II

AVE (7/27)
SO (7/27)

.

AVE (7/21)
SO (7/21)

.,

.
..

"
6/21/93
6/29/93
7/7/93
7/21/93

0 .107
0.035
0.017858

0.117
0.05
0.106699

0.062
0.092

0.065779

..
.

0.16868

0.11723
0.072762
0.033
0.051223
0.07
0.051408
0.018501

"
7/27/93

AVE (7/27)
SO (7/27)
TCGA

..
..
.
..

6/21/93
6/29/93
7/7/93
7/21/93

II

..
..

..
..
..
..

0.033979
0.068315
0 .051147
0.024279
0.106514
0.116326
0.072083
0.098308
0.023235

.
.

II

II

..
..
..

0.115105

0.133514

7/27/93

II

..
I
TGCA
..
.

0.219087

AVE (7/21)
SO (7/21)

0.087
0.106762

0.0207
0.017

I

0 .116
0 .028275
0.13689
0.091017 '
0.113954
0.032437
0.060996
0.064551
0.034067
0.053205
0.016668

..
..
.

7/27/93

.
..

AVE (7/27)
SO (7/27)
TATA

.

"
6/21/93
6/29/93
7/7/93
7/21/93

..
..
..
.

AVE (7/21)
SO (7/21)

1.07
0.308

0.568

0.183955

0.0086
0 .239259

3.98
0.128
0 .0858
0.131147
0.115971
0.123559
0.010731
.

..
..
..
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Table 5

DNA Sequence

Week of

DEB DEH DEO DECO DEP

GATe
"
"

1/18/95
3/1/95

0.3909 0.0419 0.1348

AVE (3/1)
SO (3/1)

.."

..

AVE (3/14)
SO (3/14)

"
AVE (3/21)
SO (3/21)
"
"

..
..oecc
..

AVE (4/17)
SO (4/17)

It

It

1/18/95

..
..

3/1/95

It

..

..
.

It

It

AVE (3/1)
SO (3/1)

..
..

..
..
3/14/95
..
..
3/21/95
..
..
..
4/17/95
..
..

It

3/14/95
AVE (3/14)
SO (3/14)

..
..
..

0.7228
0.4492
0.586
0.193
0.9086
0.8732
0.8909
0.025
1.1275
1.3163
1.129
1.1909
0.0768
0.5641
0.9879
1.1608
1.0744
0.1223
1.0179
1.6959
1.3569
0.4794

..
..
..

3/21/95
AVE (3/21)
SO (3/21)

4/10/95

It

II

II

AVE (4/10)
SO (411 0)

II

.

0.9511
0.9382
0.4896
0.7929
0.2628

0.0089 0.0128
0.01895
0.01674
0.01785
0.00156
0.0111
0.0782 0.3485
0.0166
0.0688 0.1929
0.0138
0.0735 0.2707
0.0039
0.11
0.0066
0.0803
0.0968
0.0886
I
0.0117
I
0.1105 0.3584
0.0572 0 .3319
0.0838 0.4148
0.0838 0.3684
0.0188 0.03
0.1372 0.0174 0.01744 0.0334
0 .5794 1.0422
0 .5432 0.9182
0.5613 0.9802
0.0256 0.0877
0 .4034 1.6901 0.01803
0.3295 0.9503 0.01792
0.3665 1.3202 0.01798
0.0523 0.5232 7.7E-05
1 .2225 0.01045
1.6306
1.4265
0.2886
0.2208 1.2859
0.2556 0.5913
0.2352 1.4364
0.2372 1.1045
I
0.0175 0.4508
-
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